Abstract. Smart surfaces and materials can play a significant role in intelligent, adaptive and responsive envelopes because of these intrinsic properties. The environmental question and energy efficiency in which the construction sector is involved, is in a process that can not be interrupted and that puts researchers and designers in front of a scientific and design challenge in which it is necessary to contribute to find different ways of study and experimentation on new materials and constructive languages, ranging from the application, to the structural, design and molecular, to mention the main ones. The development of technologies is helping architects of the "biomimetic current" to recreate complex structures that can be found in nature, using innovative construction methods and materials. In this paper, some existing biomimetic design strategies applied for nature emulation are presented with the aim to understand the contribution of biomimetic materials to the design culture. Case studies show the diversity of possible applications of natural phenomena in architecture with the aim to provide user-friendly tools that can facilitate the generation of more indepth insights, opening new perspectives for new possible technical solutions and showing the potential of nature adaptations to environmental conditions at different climate.
Introduction
The ecological approach in architecture, defined today by the increasingly severe climatic situation damaged by the strong exploitation of environmental resources and the exponential increase in pollution, is determined not only by the sum of green technologies applicable but by specific philosophical choices and a vision holistic of building which is confronted with environment. Perret states that «architecture is, among all artistic expressions, the one most subject to material conditions. Permanent conditions are imposed by nature, the transitional conditions are imposed by man» [1] . The contemporary building envelope, subject to profound metaphorical and performance changes, has undergone changes from the box-shaped system made up of traditional factory elements, to an evolved technological organism that is increasingly intelligent, adaptive and efficient. Today, reflection on operational strategies regarding the environmental question, energy efficiency and sustainability is one of the decisive factors for a change in the way of thinking in architecture.
In the current phase of the environmental challenges, to develop and promote a truly sustainable design culture, today more than ever the continuous support of research, experimentation, exchange and interdisciplinary sharing of knowledge is necessary. In this perspective, one of the contributions of scientific research, which recently seems to emerge as particularly promising in the debate on sustainable design, is that of Biomimetics or Biomimicry, «the science that studies natural biological systems emulating forms, processes, mechanisms of action, strategies, in order to solve everyday challenges, to find the most sustainable solutions to the design and technological problems of human beings, trying to replicate their designs and processes in new technological solutions for industry and research», as the American biologist Janine Benyus defines it [2] . With regard to the ever-present problem of containing energy consumption, the systems for the exploitation of renewable energy now offer the opportunity to make that leap in quality, already implemented in pioneering sustainable buildings, made of zero-consumption or even plus-energy buildings which, thanks to an evolved synthesis between envelope and plants, will be self-producers of energy and will have in the resource-nature the only provider.
Adaptive behavior. In ethology, adaptive behavior is the strategy that generates the evolution of a species in response to changed environmental conditions. The adaptations can be read, diachronically, as a change of an ecological factor and, synchronically, as the achievement of a new balance between organism and environment. The mechanisms of adaptation between living organism and environment give us, by analogy, a possible interpretative key of the interactions that some buildings establish with the places in which they are, places full of meaning and characterized by a dominant nature. It follows that the relationships between materials, construction technologies and place are the result of a slow and progressive dialogue between "man and Nature".
Greenough, describing the feedback between organism and environment, states that «the law of adaptation is a fundamental law of nature in all structures» [3] , while Eildlitz, one of his students, elaborates on the topic declaring that «in Nature, forms are the product of the environment. The environment determines the function, and the forms are the result of the function» and as in nature so in architecture the forms must be adapted to the environment so that the resulting functions (from this environment) are completely expressed in the (architectural) organism» [4] . The resilience of biological systems and their sustainability requires the ability to adapt, sustain and maintain a dynamic stability in the face of even chaotic events [5] . Likewise, an adaptive building must establish an interdependent relationship with the external environment and, as the climate conditions change over time depending on the geographical context, the building of this type can be modified, integrated and adapted accordingly and coherently, as a living organism.
In this scenario, the challenge that research and design must face is that of optimizing the natural resources, which are variable and inconstant, imitating the behavior of nature and aiming also at a social sustainability, based on a renewed relationship between man-nature-built environment. In a adaptive biomimetic design paradigm, where building, inhabitant and environment are all agents, the positive and negative feedback loops that individuals have with their built environment, the active co-evolution that they necessarily share with it, as well as the agency of both buildings and their inhabitants, are all potentially powerful tools for also promoting social change. In fact, they not only increase the intelligence of building systems, but the "intelligence" of their inhabitants as well [6] . With emphasis on adaptability, the highperformance skin of a building has the capacity to learn over time and in so doing can form ongoing and emergent relationships with its inhabitants. In this way, responsive envelopes can significantly impact the definition of building performance by forging a new cognitive framework for buildings, their inhabitants and the larger environment [7] .
In recent years, more attention has been paid to the notion that energy efficiency helps to achieve a much broader range of outcomes that contribute to the human ambition to improve welfare. Adaptive building facades can draw on the concepts of adaptability, multi-skills and evolvability by combining the complementary benefits of active and passive building technologies, aiming the following attributes: climate adaptive and sustainable for environment and humans; energy efficient and energy active; multifunctional and modular; smart and communicative [8] .
New Bio-Inspired Methodological-Design Approach
The methodology and objectives of this paper concern:
To achieve full awareness of the problems of the environmental issues and the growing importance of sustainability and the role of the building sector in this area. The relationship between Architecture and Nature is a driving force in the development of research lines intersecting multidisciplinary methodologies that go beyond the architectural project and involve disciplines such as Materials Science, Chemistry, Nanotechnology, Ecology and Biomimetics.
To understand the relevance of biomimetic advances in architecture and its potential to decrease the share of the role of the building sector in environmental and energy impact assessment (problem definition and search methodology for analogy to nature). It is relevant to understand that biology is no longer just a matter for biologists, but it is a new inspiration for technological thinking. The starting point is the organization of the biophysical information obtained and represents a challenging process and a first approach through data collection process, based on the type of climate, necessary to be able to apply solutions on inspiration from nature to architectural solutions and to understand the contribution of biomimetic materials to the design culture. Scientists, researchers and biologists must increase the databases of bio-inspired innovations and make them as accessible as possible to those who can transfer strategies and apply them in design and technological solutions to human problems, and designers should learn to interrogate the database of nature with scientific method, always wondering: how has this problem solved nature? With which expedient, with which process, with which strategy? [9] To stimulate functional analysis of smart building materials that would allow the building envelope to perform the same as living organism skin. Two main factors emerge that allow us to consider the so-called bio-inspired design approach in a new perspective. The first factor is the recent development of new scientific knowledge and new technological tools capable of analyzing, describing and reproducing so far unpublished and unexplored aspects, phenomena and processes of nature: in particular the important contributions of nanosciences and nanotechnologies that allow us to understand reality and to create products at the nanometric scale. In fact, nanosciences study the phenomena and the manipulation of materials on atomic and molecular scale, where the properties differ considerably from those observed on larger scales. Therefore, we are able to take inspiration from nature not only for the morphological-structural aspects, but also for strategic, organizational and process models, extremely efficient and sustainable (eg. self-assembly, self-repair, resilience, etc.).
The second factor concerns the current phase of the debate on environmental sustainability characterized by a new awareness: the need, on the one hand, of a radical change in the development model and a drastic reduction in the consumption of environmental resources of industrial companies and the observation, on the other hand, of the slowness and inefficiency of changes in the direction of sustainability, despite the considerable financial, technological and human resources put in place. We are aware that we should reduce our consumption of natural resources by about 90% compared to the current ones, but every year we are consuming 20% more resources than those that nature is able to regenerate [10] .
To evaluate the behavior of biomimetic and adaptive building materials in case studies and possible applications in places with similar climatic and environmental conditions, in order to transfer potential analyses and improvement. This contribution shows that there are important expected biological potentials and new façade concepts. Best practices of new sustainable climate adaptive systems were selected derived from a biomimetic analogy research, representing an investigation into nature to learn from it how to adapt to the surrounding climates, in order to identify and enable potentials for further research and development activities. Biological principles can be transformed into technical solutions and further implementations for the adaptive architectural solutions.
Discussion
Architects have always been inspired by nature. The evidence of this influence is still visible in buildings ranging from Egyptian or Greco-Roman architecture to Art Nouveau, to the visionary work of Frank Lloyd Wright in the XX century, creator of extraordinary buildings that integrate into the landscape (Fig. 1) . Today, the development of technologies is helping architects who are inspired by biomimetics to recreate complex structures that can be found in nature, using innovative construction methods and materials.
Looking at experiences in Italy or in other cities teaches us that there is no single model to apply or a good general orientation for every place, but a series of interventions, projects and attitudes can serve as a stimulus for technological solutions in other environmental contexts. We have to implement a sustainable good quality construction as a continue process, starting from the consideration of the context and new opportunities to develop new components imitating the nature, paying attention to energy saving issue.
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Adaptive Materials Research for Architecture The choose of some good practices was determined by focusing on the performances related to the adaptive biomimetic materials, according to a holistic approach that goes beyond the mere adjustment of energy and environmental performance, and includes many other aspects, such as architectural and construction quality, flexibility and adaptability of space, social repercussions, and of course economic convenience [11] . Exemples discussed in this publication demonstrate that much of the work was done and it can still be done; the building envelope can be constructed, not with the traditional inert surfaces but with a living cladding, which could house a wide range of technologies based on the behavior of the envelopes found in nature.
Performances we expect. Strengh point of this approach is on identifying and assessing the multiple benefits, whose many are related to energy efficiency of biomimetic solutions:
Energy production. In the field of solar production and the application of fuels, technology is still at the first steps compared to the experiences of Nature. And in the field of climate adaptation we have a lot to learn from the plant world. In this sense, the perfection of Nature is reflected in the behavior of the leaves of green plants, real masterpieces of the bioclimatic current. The plant synthesizes and recycles its solar cells with the temperature of the environment; the layers that convert light are ten thousand times thinner than photovoltaic cells and the plant can still afford to throw them away every year. In addition, many plants move their leaves following the movements of the sun, reaching towards ithe sun rays to collect the light or fold when the light is too strong. The ability of plants to dispose of light as an energy source and to reuse it in case of need is unparalleled [12] . For example, in the development of active energy collection systems, Nature in its strategies and methods of using sunlight to convert it into fuel and energy has reached an incredible perfection, still not comparable with current artificial techniques of capture and transformation of solar energy. These strategies and methods should be taken as an essential reference [13] . We are witnessing a series of experiments that still have many steps forward to take, but which have traced some routes, such as those of the Biophotovoltaics and Dye Sensitized Solar Cells: innovative cells can be integrated in the façade of a building (Fig. 2) , to produce and use renewable energy in situ. [14] .
Climate bionics -reduction of energy consumptions. One of the earliest and most cited cases representing a symbol in biomimetics principles is the Eastgate Complex in Harare, Zimbabwe (Fig. 3) , designed by Mick Pearce in collaboration with Arupengineers and opened in 1996, built on a project inspired by the termite mounds in rural areas of Africa, more precisely with regard to their ventilation system. These fascinating structures maintain the ventilation of termite nests that are actually subterranean. The top of the mound consists of a central chimney surrounded by an intricate network of tunnels and passages. Air travels through the porous walls into a series of small tunnels until it reaches the central chimney and rises up. When fresh air mixes with this warm air, the air cools and sinks down into the nest. This ventilation system constantly circulates the air and ensures that oxygen reaches the lower areas of the mound and keeps the nest from overheating [15] .
Eastgate Complex is the first kind of built environment to use passive air-conditioning typifying the best of green architecture and ecologically sensitive adaptation. Thanks to passive cooling, the heat is stored during the day and released at night as the temperature falls. We have outlined the functioning of the cooling system (Fig. 4) . At the beginning of the day the building is cool. During the day, machines and people generate heat, and the sun heats the exterior surface of the building. The heat is absorbed by the building envelope, which has a high thermal capacity, in this way the internal temperature increases, but not
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Adaptive Materials Research for Architecture by much. In the evening the outdoor temperature falls. The warm indoor air is released through the chimneys, aided by the fans, but the phenomenon occurs naturally because the hot air is less dense, so it tends to rise, leaves a gap and allows fresh air more dense to access from the bottom of the construction (Figs. 4, 5) . At night this process continues, the cold air flows through the cavities in the floors until the building has reached the ideal temperature to restart the process the next day [16] . The complex also consists of two buildings side by side that are separated by an open space that is covered by glass and open to the local breezes. The cooling system costs one-tenth of the conventional ones and uses 35% less energy than other buildings similar to Harare. The replication of designs created by termites not only provide for a sound climate control solution but also is the most cost-effective way for humans to function in an otherwise challenging context. Reduction Local pollution. Energy efficiency, both supply side and end-use, can help to reduce the need for generation -and lower associated emissions -while supporting economic growth. In fact, Photocatalytic products are a contemporary innovation and play an important role in reducing pollution, thanks to their technology that allows them to be used in several cases: tiles, concrete, paint and floor coverings (Fig. 6 ). these materials are attracting a lot of interest throughout Europe, especially when applied to traditional surfaces because they are self-cleaning, absorb many pollutants in the air and play an antibacterial effect by transforming the surfaces on which they are applied in multifunctional elements due to solar radiation, anatase, a particular titanium dioxide (tiO2) mineral form, by means of a photocatalyst accelerates the oxidation process by helping pollutants decompose into water-soluble inorganic salts by combining the anti-pollution effect with Antibacterial effect [17] . In particular, nitric oxide (NOx), particulate matter (PM10) or VOc (volatile organic compounds) are transformed into innocuous substances, both for humans and for the environment, such as sodium nitrate (NaNO3), carbonate sodium (caNO3) or calcium carbonate (cacO3). the surface of the concrete is the most used for the photocatalysis process, since its porosity helps to maximize the effects of photocatalytic reaction, favoring the absorption of toxic elements. In Italy, an important result is given by biodynamic concrete, i.active biodynamic, born of the synergic collaboration of the research world with industry and used for the outer coating of the Padiglione Italia at Expo 2015 in Milan (Fig. 7) . the photocatalytic active ingredient present in the concrete allows capturing some pollutants in the air, transforming them into inert salts and thus helping to release the atmosphere from the smog. Mortar is made up of 80% by recycled aggregates that give a gloss more than traditional white cements, while its dynamism is determined by the special formula, easily machinable, resulting in complex shapes. thanks to this machinability, i.active biodynamic is able to penetrate the various interstices ensuring an extraordinary surface quality. The use of this cement in confined spaces can allow its antibacterial properties to be exploited in indoor environments such as canteens, hotels, restaurants, hospitals and in general in special environments with controlled biological contamination [18] .
Improving of health and well-being. The possibility to use photocatalytic paints and nano materials within the opaque panels, as in smart and efficient layers for innovative envelope, can Advanced Materials Research Vol. 1149allow reducing internal air pollution due the presence of occupants or for the use of toxic glue, formaldehyde or other harmful materials, will actively contribute to the CO2 and/or other chemical pollutants reduction [19] In the Technology Center Leitat in Barcelona (Fig. 8) , the bioclimatic façade that acts as a filter between interior and exterior, an interface between the weather conditions outside and inside and the material of building envelope has photocatalytic proprieties, which help reduce, under the solar effects, the pollution and the decomposition of polluting city oxides (NOx). Furthemore, energy efficiency retrofits in buildings create conditions that support improved occupant health and well-being, particularly among vulnerable groups such as children, the elderly and those with preexisting illnesses. A project based on the principles of sustainability, safety and service to the citizen is the Guastalla Nursery in Emilia Romagna, a project by Mario Cucinella Architects, which is based on the simplicity of a structure on a single level consisting of the multiplication of 50 portals in lamellar wood interspersed with large windows that allow the interaction between the closed areas of the classrooms and the outside area (Fig. 9) . The strength points of the project of this school concern the use of natural and recycled materials, with low environmental impact, the use of wood in the structural system, the possibility of recovery of rainwater, the inclusion of large glazed surfaces to exploit the maximum natural lighting and, finally, the installation of a photovoltaic system. In a place for children, the quality of space is a central aspect of the educational relationship with children that tighten an emotional connection with the surrounding environment much more intense than adults, because they experience the environment deeply and give it a sense through smells, sounds, visual stimuli. The properly architectural elements of the new kindergarten, such as the shape of the interiors, their organization, the choice of materials, the set of sensorial perceptions linked to light, colours, sounds, tactile suggestions, are conceived keeping account of the pedagogical and educational aspects related to the childs growth (Fig. 10) . The nursery is a real sensory garden: the perfumes, the colour and the height of the plants are designed to activate the senses of the children. The design and construction of environments for children are a starting point for reflection on the role of architecture, which can become an educational tool as space conditions behavior; children, grown up in a comfortable, stimulating and suitable for their needs, will be much aware adults.
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Figs. 9, 10 -Exterior and interior of Guastalla Nursery by Mario Cucinella Architects (2015) Climate change resilience. By reducing the need for energy infrastructure, energy efficiency reduces the amount of energy assets exposed to extreme weather events.
Hyper Performances Inspired by Nature Flexible systems as systems designed to maintain a high level of performance through real-time changes in configuration when operating conditions or functional requirements change in a predictable or unpredictable way [20] . More intuitively, flexible systems make transitions over time, to meet new circumstances and cope with uncertainty, and thus imply an ease of modification and absence of irreversible or rigid components. Some of the hyper-performances inspired by nature are superhydrophobicity, self-cleaning, antifouling, thermoregulation and self-healing, through examples of biomimetic surfaces and their applications.
Superidrophobic nanocoatings. Nanostructural materials have been studied to make façade coatings. The superhydrophobic capacity of the lotus leaf, obtained through a hierarchical organization of the surface, commonly known as the lotus effect [21] , reduces the maintainability of a product by extending its useful life, thanks to its intrinsic self-cleaning and antifouling capabilities (Fig. 11) . In fact, thanks to the particular geometry of the leaf surface and to a covering by a thin layer of wax, the rain spreads the dirt that accumulates on it. There are promising approaches for fabricating inorganic-organic nanocomposite super hydrophobic coatings for long-term functional applications. Through some experimentations was demonstrated that the wettability of the nanocoatings can be adjusted by altering the content of oleic acid in the starting nanocomposite powder. It was observed that the newly constructed superhydrophobic coatings show a certain mechanical durability [22] .
Materials with self-healing properties. The main defect in reinforced concrete is that it tends to crack with time and when moisture reaches the metal bars it starts to rust and wear them out until the structure collapses. A team of researchers of the University of Delft in the Netherlands, has Advanced Materials Research Vol. 1149developed the bio-concrete of the future, inspired by nature since the way to make cement more durable was found by adding simple micro-organisms to the traditional mixture. The bacteria present in the mixture create a calcareous substance able to fill the discontinuities in the stone material of this green-concrete and to reduce and eliminate the cracks in an ecological way to prevent water from coming into contact with the reinforcements.
Professor Henk Jonkers described the difficulties his team of researchers faced in developing the genial intuition of mixing bacteria to concrete (Fig. 12) . «We invented Bioconcrete, cement that heals with bacteria, but we needed bacteria capable of surviving in the harsh environment of cement, a stone material similar to rocks, very dry» [23] . Another important challenge that the microbiologist, who has been working on green concrete since 2006, has had to face was on how the bacteria drowned in the mixture would have survived for years: the micro-organisms chosen to live in the alkaline environment of the concrete mass need to feed themselves to survive as long as they are needed to fill the cracks. At first, it was thought to add sugar to the mixture, which would have compromised the mechanical properties of the structure. After a series of experiments, calcium lactate was chosen, which is added to the mixture in bioplastic capsules containing the bacteria. Once the cracks have formed, the water dissolves the capsules and releases the bacteria increase by feeding on the calcium lactate present in the mixture and so they start to produce calcite or limestone crystals that fix the crack by two weeks.
Thermoregulating surfaces. One of the most investigated performances of materials and surfaces of biological systems is the ability to express reactive behaviors to external stimuli, applying the complex strategies of the nature of adaptation, regeneration and resilience. Thermoregulation is one of these. A thermo-regulating material is able to control the temperature keeping it within a predetermined range, reacting and adapting to variable environmental conditions. In nature, many conditions depend on temperature changes and environmental humidity [24] . Typically the plants, which can not move and are more affected by the effect of atmospheric agents, have developed interesting dynamics of protection and regulation of their vital activities.
Hygroscopic structures. Hygroscopicity refers to the ability of objects to absorb or release moisture from the surrounding environment depending on the need of the object itself. Some seeds have hygroscopic portions that change the shape of the seed when moisture is absorbed. Pine cones, thanks to their hygroscopicity, are excellent indicators of humidity in the air (Fig. 13) . In fact, their scales tend to open when the air is dry, while they remain closed when there is a lot of humidity, so to protect their pine nuts. The pine cone reacts to humidity with a real metamorphosis. In the case of a building this feature allows self-regulating indoor humidity levels without any technological or human help, but simply bringing moisture from the outside air when the environment is too dry and giving it when it is too wet [25] .
Using the intrinsic characteristics of wood and biomimetics, there are two buildings that exploit the hygroscopic mechanism without requiring any type of external energy or any other kind of mechanical or electronic control -the material structure itself acts as a machine. Hygroskin and Hygrosope, two pavilions able to independently modify their physical characteristics, where high instability of wood in relation to content of moisture is used to construct meteo-sensitive architectural skin which opens and closes in response to weather changes. The paternity of the project goes to the architect professor Menges Achim of Stuttgart who, with the help of colleagues Steffen Reichert and Oliver David Krieg, has managed to realize two meteorosensitive structures simply exploiting the natural properties of wood through biomimetics [26] .
Hygroskin pavilion was commissioned for a permanent exhibition at the FRAC Center in Orleans, whose envelope building has been realized by superimposing a series of wooden spruce panels over a steel structure, in the central part of which very thin triangular wooden sheets are collocated, forming particular openings have been placed (Figs. 14, 15 ). The millimeter precision with which these elements have been carved, thanks to a 3D laser printer robot, allows Hygroskin to react naturally to the change of external weather conditions: simulating the behavior of the scales of the pine cone, when it rains and the humidity increases, the openings close up on themselves; while during the sunny days when the internal temperature increases the thin wooden sheets contract, increasing the width of the openings [27] .
The other project proposed and realized by professor Achim Menges pushes the results obtained with Hygroskin towards a much more complex environmental sensitivity. The pavilion has been named Hygroscope and it is on permanent exhibition at the Center Pompidou in Paris, where two identical copies have been created respectively inserted into two glass cases: one in which the climatic conditions of Paris are reproduced exactly; in the second one the same microclimate of the museum is reproduced based on the humidity emitted by the number of visitors. Hygroscopes biomimetics becomes a visual indicator of the different climatic conditions (Fig. 16) . Each opening of Hygroscope, created ad hoc in shape and size starting from thin sheets of wood, responds to changes in humidity in a very personal way, based on the direction of the fibers, the length / thickness ratio, the internal natural composition, providing thousands of information, extremely useful for future developments of meteosensitive architectures able to adapt perfectly to the environmental context [28] . . In fact, through the use of nanotechnologies, they have created the Homeostatic Facade System, whose purpose is to maintain a constant internal temperature in a building as environmental conditions change (Fig. 17) . This technological system consists of a double glass, inside which a band made of dielectric elastomers, a material very similar to rubber, is inserted. 
The creation of a dynamic façade arises from the combination of skills from different sectors including biology and in particular the functioning of muscles. In fact, when the sun goes on the facade, the charge present in the silver layer causes movement, through the use of a sensitive actuator. The increase in charge causes the elastomer to deform and then expand, preventing the entry of sunlight into the building. Otherwise, in the absence of sun, the facade does not change, allowing the entry of light. [30] . The advantages of this system are certainly the energy saving of the building, since this tries to maintain a constant temperature inside it in every condition, and consequently the heat loss will be less.
Conclusions
In light of the recent developments and the enormous potential of nanosciences and nanotechnologies and in the current phase of the debate on environmental sustainability, the biomimetic or bio-inspired approach appears very promising and will in the future offer an even more significant contribution. In fact, today through the developments of Biomimesi, architects, engineers and designers can exploit the "experiments" that natural evolution has perfected over millions of years, based on the principle of minimum investment for maximum yield, that is natural organisms do not waste, do not produce waste and always use the minimum amount of energy possible for their activities in order to ensure greater performance for the perpetuation of the species.
We have seen that the number of biological expedients useful for sustainable design is potentially unlimited and it emerges that widespread adoption of nature-inspired solutions can catalyze a new era in design and business that benefits both people and the planet. Professionals of different disciplines are confronted through a design approach where principles and practices are integrated, aware that Nature is a database of sustainable design innovations, an archive of patents available immediately, an available research and development laboratory, a starting place to face the future challenges on massive sustainability problems.
